Human brain evolution involved both neurological reorganization and an increase in overall brain volume relative to body mass. It is generally difficult to draw functional inferences about the timing and nature of brain reorganization, given that superficial brain morphology recorded on fossil endocasts is functionally ambiguous. However, the cerebellum, housed in the clearly delineated posterior cranial fossa, is functionally and ontologically discrete. The cerebellum is reciprocally connected to each of 14 neocortical regions important to human cognitive evolution. Cerebellar volume varies significantly relative to overall brain volume among mammalian orders, as well as within the primate order. There is also significant diachronic variation among fossil human taxa. In the australopithecines and early members of the genus Homo, the cerebral hemispheres were large in proportion to the cerebellum, compared with other hominoids. This trend continued in Middle and Late Pleistocene humans, including Neandertals and CroMagnon 1, who have the largest cerebral hemispheres relative to cerebellum volume of any primates, including earlier and Holocene humans. In recent humans, however, the pattern is reversed; the cerebellum is larger with respect to the rest of the brain (and, conversely, the cerebral hemispheres are smaller with respect to the cerebellum) than in Late Pleistocene humans. The cerebellum and cerebral hemispheres appear to have evolved reciprocally. Cerebellar development in Holocene humans may have provided greater computational efficiency for coping with an increasingly complex cultural and conceptual environment.
P
aleoneurologists agree that increased encephalization is an important dynamic of human brain evolution. However, brain evolution involved more than brain expansion. It also involved reorganization to support specific, uniquely human cognitive tasks, including those involved in linguistic processing and a highly developed facility for manufacturing and manipulating tools. Nevertheless, despite more than a century of effort, there is little consensus about how and when such reorganization occurred.
One approach to exploring functional reorganization of the brain in humans has been the analysis of impressions of the brain's surface convolutions (sulci and gyri) on the inner table of the endocranium. However, endocranial markings are notoriously difficult to identify reliably (1, 2) . Even where the impressions are fairly clear, taphonomic processes may distort the evidence. In addition, the functional correlates of the brain's surface convolutions, especially in fossils, are literally superficial. Cognitive functions occur through internal connections among brain regions, as well as through the distribution of neuroreceptors that cannot be detected by examining the surface of the brain, let alone from endocranial markings. Therefore, functional inferences based on sulcal patterns are problematic.
Another approach to endocranial analysis has focused on changes in endocranial volume relative to body size. Unfortunately, even when endocranial volume can be unambiguously determined, body mass estimates for fossil humans are often based on incomplete specimens, extrapolated from body sizes of living taxa (which may not be strictly analogous), and͞or undermined by the problem of determining actual brain size from endocranial measurements.
However, one anatomically, ontologically, and functionally discrete brain region can be analyzed in a way that sidesteps many of the problems posed by regional brain analyses and volumetric studies. The cerebellum occupies the posterior cranial fossa (PCF), which is well delineated by the petrous crests, sella turcica, and lateral sulci. If the volume of the posterior cranial fossa can be determined relative to overall endocranial volume, and if there are significant differences in cerebellar proportions relative to the rest of the brain that correlate with morphological and behavioral aspects of the paleontological record, then certain inferences may be drawn about the relative contribution of the cerebellum and the rest of the brain (primarily the cerebral hemispheres) to overall cognitive function.
Recent neuroanatomical studies and radiographic observations have demonstrated that the cerebellum plays a role in many cognitive functions. Moreover, the cerebellum has reciprocal connections, through the thalamus, with each of the major neocortical regions listed by Holloway (3) as having changed in the course of human cognitive evolution (Table 1) .
Although developmental constraints appear to impose limits on the independent evolution of distinct brain regions (4-6), numerous researchers have shown significant, systematic variation in cerebellar proportions among and within mammalian orders, including within the primate order (7) (8) (9) (10) (11) (12) (13) (14) (15) .
Methods
The present study is an analysis of changes in relative cerebellar volume in humans compared with other mammals, other primates, and each other. Measurements of total brain volume, cerebellar volume, and body mass for 14 orders of extant mammals were assembled from the literature, including Monotremata (16), Marsupalia (16, 17) , Insectivora, Macroscelidae and Scandentia (18) , Chiroptera (19) , Rodentia (17) , Edentata (20) , Lagomorpha (21), Cetacea (22, 23) , Proboscidea (24), Sirenia (25) , Rodentia (17) , Artiodactyla (26) , Carnivora (17, 21) , and Primates (12-14, 18, 21, 27) .
The primate data were augmented with data for humans taken from the literature, including 51 data points representing 1,416 recent humans (13, 14, 21, 27, 28) , as well as original measurements from 18 fossil humans.
For specimens where cerebellar volume was available but total brain volume and͞or body mass for the same specimens was not available, the mean value for the species was used. The present analysis conforms to the majority of studies in which cerebellar volume, rather than mass, is used as a variable. Where masses were given instead of volumes, a conversion factor based on the specific gravity of brain tissue was used: 1.04 brain (or cerebellum) volume ϭ brain (or cerebellum) mass ϫ 0.96. Brain volume for the fossil endocasts was calculated as 0.88 ϫ endocranial volume, after Pickering (29) .
Because the cerebellum constitutes a significant portion of overall brain volume, cerebellum volume (CBLM) was subtracted from overall brain volume to obtain a net brain value (NetBrain). Reduced major axis linear regression of CBLM on NetBrain produced predicted values and residuals for the sample and formed the basis for calculation of a cerebellar quotient (CQ) ϭ actual͞predicted value for each specimen.
Data from the fossil humans were derived from digital scans of latex, resin, and plaster endocasts of 18 software by PolyWorks (SainteFoy, QC, Canada). The PCF was digitally dissected from the scanned model by using the plane defined by the transverse sinuses, the petrous crests, and the dorsum sellae.
In addition, computed tomography (CT) scans of three Late Pleistocene specimens (La Chapelle-aux-Saints 1, La Ferrassie 1, and Cro-Magnon 1) were measured by using NIH IMAGE software, version 1.62 (30) . Equivalence of the CT data and the endocast data was confirmed when PCF volumes obtained from the CT scans and the digital endocasts for La Ferrassie 1 and La Chapelle-aux-Saints 1 were found to be identical.
Cerebellar volumes for the endocasts were estimated from PCF volume as follows: PCF volume and cerebellum volume were measured from MRI scans of 34 living nonhuman primate and modern human brains by using NIH IMAGE software. The cerebellum was segregated by intensity thresholding, and its area was measured in serial slices where it appeared. Cerebellum volume was calculated by multiplying total area by slice thickness. The boundaries of the PCF were determined by using selected endocranial landmarks in serial slices; again, volume was calculated by multiplying total area by slice thickness. A least-squares linear regression permitted estimation of cerebellum volume from PCF volume: CBLM ϭ 3.25 ϩ 1.22 PCR (r 2 ϭ 0.89). The regression formula was applied to the PCF volumes measured in the fossil endocasts and CT scans.
Results
Interordinal Comparisons. Regression of log CBLM on log NetBrain established that cerebellar volume is highly correlated with NetBrain volume in the mammalian sample: log CBLM ϭ Ϫ0.82 ϩ 0.99 log NetBrain (r 2 ϭ 0.99).
Mean CQ (Fig. 1) for the entire mammalian sample (14 orders) is 0.87 Ϯ 0.12, ranging from 0.23 Ϯ 0.03 in Chiroptera (n ϭ 15) to 2.38 and 0.98 in the Proboscidea (n ϭ 2). Primates, with a CQ of 0.87 Ϯ 0.02 (n ϭ 109), scatter around the overall mean. Differences in CQ among mammalian orders are significant (Wilcoxon͞Kruskal-Wallis, P Ͻ 0.0001).
Even when extreme outliers (elephants and whales) are excluded from the analysis, log CQ is only moderately correlated with log body mass (r 2 ϭ 0.65). CQ is taxonomically arbitrary as well. The independence of CQ from body mass and taxon is emphasized by a comparison of medium-bodied taxa (43-100 kg). As shown in Fig. 2 , great apes (Pan, Gorilla, and Pongo) and the common dolphin (Delphinis delphis) are more similar to each other than recent humans are to great apes or Neandertals. On the other hand, humans are more similar to sheep and pigs than to the other taxa represented.
Intraordinal Comparisons. CQ also differs significantly within orders. For example, among bats, CQ ranges from 0.02 in the Craseonycteridae (n ϭ 1) to 0.52 Ϯ 1.03 in the Pteropodidae (n ϭ 49). These families differ significantly from each other and from the Molossidae (CQ ϭ 0.22 Ϯ 0.04; n ϭ 19), who fall close to the Chiropteran mean of 0.23. In primates, the African great apes (Gorilla and Pan), with a mean CQ of 1.13 Ϯ 0.08 (n ϭ 6), are significantly different from the Cercopithecidae, with a CQ of 0.77 Ϯ 0.03 (Wilcoxon͞ Kruskal-Wallis, P ϭ 0.002). The great apes are also significantly different from recent humans (CQ ϭ 0.91 Ϯ 0.01; Wilcoxon͞ Kruskal-Wallis, P ϭ 0.003).
These observations are consistent with the assessment of Finlay and Darlington (6) that taxonomy and body size alone are inadequate to predicting the size of one brain structure from another.
Interhuman Comparisons. To minimize the problem of phylogenetic inertia, which might potentially affect results for the closely related human fossils (32), the interhuman comparisons were based on a formula derived from a reduced major axis regression of CBLM on NetBrain for the recent human sample only. This sample is indisputably monophyletic and relatively large, permitting a fine-grained analysis of CQ patterns while avoiding inappropriate phylogenetic assumptions. CQ values among fossil humans embody the pattern of diversity observed for mammals in general (Fig. 3) . The Early to Middle Pleistocene specimens (australopithecines, Homo habilis, and H. erectus), do not differ significantly from each other (Wilcoxon͞Kruskal-Wallis, P ϭ 0.042); nor does the Early to Middle Pleistocene group differ significantly from the great apes (Pongo, Gorilla, and Pan), although the difference approaches significance (Wilcoxon͞ Kruskal-Wallis, P ϭ 0.047). The Early to Middle Pleistocene group does, however, differ from the Late Pleistocene group (Neandertals and Cro-Magnon 1; P ϭ 0.013). Kabwe͞Broken Hill (CQ ϭ 0.93) and Swanscombe (CQ ϭ 0.60) bridge the gap between the Early͞Middle and Late Pleistocene humans. CroMagnon 1, with a CQ of 0.75 (based on the recent human regression formula), falls near the Neandertal mean of 0.71. On the other hand, the Late Pleistocene group is significantly different from recent human mean (CQ ϭ 1.0; P ϭ 0.001).
A decrease in a ratio can be achieved in two ways: (i) by decreasing the denominator (CBLM volume) or (ii) by increasing the numerator (NetBrain volume). The data indicate that the decrease in CQ seen in the early archaic H. sapiens and Late Pleistocene humans is due to an increase in the NetBrain. On the other hand, a slight decrease in NetBrain volume in recent humans is accompanied by a significant increase in cerebellum volume (Fig. 4) .
Because the bulk of the NetBrain comprises the Neocortex, it is reasonable to infer that neocortical expansion in Early Archaic and Late Pleistocene humans outpaced cerebellar expansion. For recent humans, on the other hand (and counterintuitively), CQ is high because the cerebellum is both absolutely and relatively larger than it is in earlier humans.
Mean 
Discussion
Cerebellar Contribution to Cognition. The cerebellum appears to enhance and sharpen precise timing of neural events and to promote the smooth control of rapid, stereotyped neural responses, regardless of whether it is processing sensory, motor, or cognitive signals (33) (34) (35) (36) (37) . Neocortical regions with reciprocal cerebellar circuitry are summarized in Table 1 .
This complementary cognitive interaction of the cerebellum and neocortex has been modeled as a dichotomy between explicit (declarative) and implicit (procedural) cognitive processes (38, 39) .
The neocortex plays a role in both explicit and implicit learning, but explicit learning invokes more intense neocortical activity (39) . Explicit learning results in ''knowing that,'' as opposed to ''knowing how,'' and facilitates the manipulation of data to provide unique, flexible solutions in unforeseen situations. On the other hand, although the cerebellum may be invoked for explicit tasks, e.g., word searches or stem completions (40) , its primary processing mode appears to be implicit, algorithmic, and rule-based, resulting in ''know-how.'' Given these relationships, the evolution of CQ in humans can be modeled as a three-stage process, where emerging cognitive behaviors are correlated with changes in CQ that reflect functional shifts in the neocortical͞cerebellar relationship. (12, 41) . Presumably, this morphology was present in the common ancestor of the African great apes and early humans, along with rudimentary tool-using and symbolic behaviors. By the Late Pliocene, humans were relying on intensified cultural behaviors, particularly the use of stone tool technology in foraging and food processing (42, 43) .
Simple stone tool production recruits the cerebellum as well as sensory-motor and superior parietal ''association'' areas of the neocortex (44) . Parietal͞cerebellar circuitry also is recruited for differentiation of motor functions (36), enhancement of goaldirected behaviors (45, 46) , judgment of the velocity of moving stimuli (47), spatial event processing (37), elementary visuospatial and memory functions (46) , and working memory (48) .
Behavioral and cognitive innovations in Pliocene humans were correlated with an increase in absolute cerebellar and NetBrain volume, compared with the great apes, with the NetBrain outpacing the cerebellum. Neocortical expansion was accompanied by reorganization involving the parietal lobe in early members of the genus Homo (49-52).
Stage 2: Declarative Multiplicity (Middle to Late Pleistocene). Absolute cerebellum volume expanded somewhat in Middle Pleistocene humans, leveling off in the Late Pleistocene. By contrast, the NetBrain continued to expand, reaching its upper limit in Late Archaic and early modern humans. Cultural development during this stage is characterized by an increasing variety of objects, sets of objects, and accompanying complex learned behaviors (e.g., linear and recurrent prepared core techniques, soft hammer retouch, and indirect percussion in stone knapping, burial of the dead, personal ornamentation, intentional graphic productions (and, by Ϸ32,000 years ago, representational art), sophisticated pyrotechnology, and long-distance transportation of raw materials.
The CQ of the early modern Cro-Magnon 1 falls close to the Neandertal mean (Fig. 5) , and it is significantly different from that of recent humans (Wilcoxon͞Kruskal-Wallis, P ϭ 0.009). This observation is consistent with accumulating evidence that Neandertals and early modern humans were capable of similar manipulative behaviors (53) and made similar types of artifacts, in both Middle Paleolithic and initial Upper Paleolithic contexts (54) (55) (56) (57) . In addition, the archeological record for a number of localities in Europe, Africa, and the Middle East shows a behavioral continuum for many of the subsistence activities practiced by Middle and early Upper Paleolithic humans (58) (59) (60) (61) (62) (63) (64) (65) (66) .
Although archeological indicators are consistent with the similarity in CQ between Neandertals and early anatomically modern humans, the fossil evidence paints a more ambiguous picture. Early modern humans exhibit a mosaic pattern, compared with Neandertals, later Upper Paleolithic, or recent humans with respect to skeletal indicators of manipulative activity. For example, humeral robusticity and bilateral asymmetry are greater in both Neandertals and later Upper Paleolithic modern humans than in early Upper Paleolithic fossils (67) (68) (69) . By contrast, the functional morphology of the hand is significantly different in Neandertals and early modern humans in the Near East, even though both are associated with generally similar Middle Paleolithic technologies (70) . This mosaic picture is further complicated by the fact that skeletal morphology is highly responsive to loading patterns as well as climatic effects (67, (71) (72) (73) (74) (75) . Thus, it is difficult to determine the relative contributions of developmental plasticity, habitual loading patterns, and heritability in shaping these features.
A similar dilemma arises in considering cerebellar plasticity. Recent investigations by Hutchinson et al. (76) suggest that frequency and intensity of complex cognitive behaviors, such as music practice, correlate with increases in cerebellar volume. Additionally, cerebellar representational topography changes with exposure to new tools and related motor routines (77, 78) . As with skeletal morphology, it appears that variation in cerebellar morphology is partitioned between genetic factors and developmental and functional plasticity. (58, (79) (80) (81) (82) . Although it is impossible to say whether earlier humans were capable of producing these hierarchical, compound technologies, late Upper Paleolithic humans appear to have encountered increasing cognitive demands as social and cultural complexity increased. These new demands may have taxed the information processing capacities of Late Pleistocene Neandertals and early modern humans. Information processing in these humans may have been limited ultimately by the sheer size of their neocortical processing networks (83) . The secondary expansion of the cerebellum observed in Holocene humans would have streamlined neocortical networking by providing the infrastructure for rule-based, procedural organization of sequential operations across many cognitive domains in response to cultural pressures.
Summary. The cerebellar contribution to modern human cognition is the result of a complex evolutionary process involving reciprocal connections between the cerebellum and the neocortex in response to intensified cultural demands. The interaction between the cerebellum and the neocortex is analogous to the reciprocal interaction between explicit͞procedural and implicit͞ declarative cognitive operations. The relation between cerebellar volume and the volume of the rest of the brain may be expressed as a CQ, a ratio of actual to expected cerebellar volume.
The model presented above suggests that cerebellar͞ neocortical evolution occurred in three stages. Stage 1: Early encephalization involving expansion of the neocortex as Pliocene and Early to Middle Pleistocene humans developed an adaptive pattern of technologically assisted foraging. Stage 2: Dramatic encephalization involving primarily the neocortex in Middle to Late Pleistocene humans. This neocortical expansion was accompanied by a proliferation of cultural objects and sets of objects, as well an increased frequency of complex behavioral routines. Some of the behaviors that would have relied on increased neocortical processing include sophisticated pyrotechnology, prepared core techniques in stone knapping, and concept-mediated marking (84) . This stage of cognitive evolution may be characterized as one of declarative multiplicity, in which the neocortex was taxed to the feasible limit of its networking capacity (83) . Stage 3: An increase in cognitive efficiency as a result of expanded cerebellar capacity in late Late Pleistocene and Holocene humans. This stage of cognitive evolution may be characterized as one of complexity management. In terms of their NetBrain volume, recent humans appear to be able to do more with less, thanks to secondary cerebellar expansion that permitted efficient processing of cognitive operations without an increase in NetBrain volume.
